The completely passive levitation of a column-shaped graphite object is achieved. Graphite is a typical diamagnetic material. Diamagnetic materials have a property of generating repulsive force in magnetic field. Most diamagnetic levitation systems use high-oriented pyrolytic graphite (PG) sheets because sufficient force for levitation is easily obtained. In contrast, column-shaped graphites are proposed as the target of levitation in this work. Experimental apparatus for diamagnetic levitation is fabricated. The apparatus uses a two-dimensional Halbach array made of cubic neodymium magnets. The magnetic fields in the apparatus are analyzed numerically and experimentally. It is shown that the stable diamagnetic levitation of a column-shaped graphite can be achieved. The floator is fabricated by combining the pencil leads made from graphite. Then the diamagnetic forces acting on the floator are measured. In addition, the effects of anisotropy of graphite on the levitation characteristics are discussed.
Introduction
Magnetic levitation is a fascinating topic in both academic and industrial fields (Schweitzer, G. and Maslen, E.H. eds., 2009) . It gives an ideal means of suspending an object in special environments such as vacuum, super-clean and high-temperature. According to Earnshaw's theorem, a group of particles governed by inverse square law forces cannot be in stable equilibrium (Simon, Heflinger and Geim, 2001) (Moon, 1994) . It indicates that stable levitation cannot be achieved with a set of permanent magnet or a combination of ferromagnetic and permanent magnetic materials. In contract, the introduction of diamagnetic material can stabilize such levitation without active control. Most common substances such as water, protein, plastic and wood are weakly diamagnetic (Tanimoto, 2004) . However, the forces associated with this property is so tiny that most of the recently reported diamagnetic levitation systems use high-oriented pyrolytic graphite sheets to get sufficient force for levitation (Bleuler, 2002; Suzuki, et al., 2008) . In contrast, this work targets objects with different shapes such as spherical or cylindrical. To levitate such an object stably, not only the intensity but also the shape of magnetic field is critical. In the previous report, an experimental apparatus using the permanent magnet array to float graphite has been proposed and fabricated (Narisawa, et al., 2013) . In this paper, the stable diamagnetic levitation of a column-shaped graphite is reported. In addition, mechanisms of diamagnetic levitation are studied experimentally in the fabricated apparatus.
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where  0 :magnetic permeability, x m :magnetic susceptibility and B:magnetic flux density (Suzuki, et al., 2006) . From Eq. (1), the diamagnetic force is determined by the magnetic flux density B and its gradient. The generated force acts in the direction of negative gradient of density because the magnetic susceptibility m x is negative in the diamagnetic material.
Diamagnetic material
Magnetic susceptibilities of several diamagnetic materials are summarized in Table 1 (Suzuki, et al 2006) . Magnetic susceptibility of pyrolytic graphite (PG) is higher compared to other materials. This is one of the reasons why most of the recently reported diamagnetic levitation systems use high-oriented pyrolytic graphite sheets (Bleuler, 2002; Suzuki, et al., 2008) . To achieve stable levitation, it is necessary to generate sufficient levitation force and support force. A new experimental apparatus using a permanent magnet array to levitate a column-shaped floator made of a graphite has been proposed and fabricated. A photo of the fabricated stator for diamagnetic levitation is shown by Fig.1 and a schematic view of experimental apparatus is shown by Fig. 2 . This apparatus uses a two-dimensional Halbach array made of ten-centimeter cube of neodymium magnets. In addition, a yoke is built over the permanent magnet array for constructing strong magnetic fields on the magnetic circuit. The base of the permanent magnetic array is made of brass. The size of the apparatus is 505030 [mm] . The yoke is stuck with the array at the four corners. The gap between the yoke and the permanent magnet is 2.0 [mm] at the middle. The yoke has holes at the center and the diameter of the holes are 2 [mm] and 5 [mm], respectively. Halbach array is commonly used for generating strong magnetic field (Halbach, 1980) . It has a feature of augmenting the magnetic field on one side of the array while cancelling the magnetic field the other side. The apparatus has magnetic fluxes shown by arrowed lines in Fig.2 . It is expected that the yoke above the Halbach array will generate a strong magnetic flux in the hole. In addition, restoring force in horizontal direction will be generated when the magnetic fields is in bowl-shaped. Figure 3 shows a chart of magnetic flux density predicted by magnetic field analysis. This result shows that a bowl-shaped magnetic field necessary for stable levitation is produced in the hole of the yoke.
Magnetic field
To evaluate the validity of the analysis, the magnetic flux density B in the hole was measured with a gaussmeter and an axial probe. The origin of the coordinate is at the center of the permanent magnet surface the measurement system. Figure 4 (a) shows a photograph of the apparatus for measurement. Figure 4(b) shows a schematic view of the measurement system. The measurement results at the floating level (z=2.2 [mm]) are presented in Fig.5 . It is found that the magnetic field is bowl-shaped and support force for stabilization is generated. 
Anisotoropic of graphite
In addition to levitation force, stabilizing lateral force must be produced in the array for stable levitation. Graphite generically possesses an anisotropic characteristic. Diamagnetic force acting on a pencil lead, which is referred to single-lead floator, was measured horizontally and vertically. Figure 6 shows a photograph of the floator. The dimensions of the floator are presented in Fig.7 . (a) Photograph of measurement system using (b) Schematic view of measurement system using a cantilever. a cantilever. The diamagnetic magnetic force acting on the floator was measured with a cantilever made of phosphor bronze. The size of cantilever was 79×2×0.1 [mm] . The floator was placed on the tip of a cantilever and the deflection of the cantilever was measured by a laser displacement sensor. Figure 8(a) shows a photograph of the measurement system using a cantilever, and Figure 8 (b) shows schematic view of the measurement system. Figure 9 shows measurement results that indicate that diamagnetic force acting on the horizontal-direction floator is higher than that of the vertical-direction floator. Fig. 9 Measured diamagnetic forces acting on the horizontal-direction floator and the vertical-direction floator. 
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Structure of floator
At first, we tried to float a single-lead floator, but in fail. Therefore, a floator was fabricated by combining multi-pencil leads. A schematic of the floator is shown by Fig.10 . This floator consists of four pencil leads with a diameter of 0.57 [mm] ; two of them are vertical and the others are horizontal. It is referred to as multi-lead floator. The mass of the floator is about 2. 5. Levitation
Realization of levitation
The floator shown by Fig.10 levitates successfully in the hole of the stator. Figure 11 shows the positions of the levitation floator. Figures 12(a) and (b) are photographs demonstrating the floator during levitation. This system is quite stable, and the floator maintains contactless with even when disturbances are applied. 
Levitation force measurement
The levitation force acting on the multi-lead floator was measured as shown by Fig.13 . Figure 14 shows the measurement result. Because the upward force necessary for levitation is 25 [N] , the floating position is expected to be z=1. 5[mm] approximately. Additionally, it is noticed that the maximum levitation force of 50 [N] is obtained at z=0.8 [mm] .
Lateral force measurement
The lateral forces are measured by a method similar to the levitation force measurement. Because the cantilever cannot be inserted in the x and y directions due to the yoke, a new coordinate is defined as shown by Fig.15 . The angle formed between xy-axis and -axis is 45 degrees. The origin of coordinate is at the center of the permanent magnet surface. Figure 16 
Conclusion
An experimental apparatus for diamagnetic levitation was fabricated. It is combination of a Halbach array and ferromagnetic yokes. The characteristics of the apparatus were studied both analytically and experimentally. The magnetic fields in the stator were bowl-shaped. A floator consisting of four pencil leads was successfully levitated in this apparatus. Diamagnetic levitation force and lateral forces acting on the floator were measured. It is found that the maximum levitation and lateral forces were 50[N] and 20 [N] , respectively. This work has demonstrated that column-shaped graphite can levitate without any contact, friction and external energy. It is expected that such levitation system can be applied to high-sensitivity sensors such as inclinometer and accelerometer and also to micro manipulation tools in special environments. 
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